ABSTRACT Host status for Mexican fruit ßy (Anastrepha ludens (Loew)) was examined under laboratory conditions in cage infested Eureka and Meyer lemons. Our approach was to allow females to oviposit on the two cultivars in separate laboratory cages with aluminum foil covering to restrict the areas where females had access to fruit surface. Fruit of each cultivar were placed in covered trays for incubations and at approximately weekly intervals, fruit were removed, dissected, and live and dead eggs and larvae tabulated in each tissue of the fruit. Infestation and survival were tabulated and analyzed for the effects of harvest date, fruit color and brix indices, postoviposition period, and cultivar. Infestation rate, determined by counts of total eggs and larvae was signiÞcantly higher in Meyer lemons. In both cultivars, females deposited eggs into both albedo and pulp tissue but not into ßavedo. Both cultivars showed high resistance (Ͼ90% mortality) to egg and Þrst instars survival in albedo and pulp. Second and third instars surviving in the pulp had high survival rates (Ͼ60%) in both cultivars in fruit dissected at weeks 2Ð 4 after infestation. Total adults produced were slightly higher, and total second and third stage larvae were also higher for Meyer lemons. Numbers of adults and total second and third stage larvae increased in Eureka lemons in more mature fruit, but the higher numbers in Meyer lemons were not associated with fruit maturity, at time of infestation. Numbers of second and third stage larvae were signiÞcantly correlated with some fruit color indices in Eureka but not in Meyer lemons. Application of these results to quarantine risk analysis is discussed.
Smooth skinned lemons (Citrus limon L.), such as the Eureka cultivar are considered to be nonhosts to any species of Anastrepha (Aluja et al. 1987 (Aluja et al. , 2000 Norrbom 2004 ) under certain maturity conditions. Meyer and Eureka lemons are considered to be fairly uniform cultivated varieties, so we will refer to them as cultivars. The Meyer lemon is a hybrid of Citrus limon and C. sinensis (L.) Osbeck (sweet orange) or a mandarin cultivar (C. reticulata Blanco) or other mandarin species. According to Hodgson (1967) Meyer lemons belong to the common acid group of Citrus, were discovered near Peking (now Beijing) China, and introduced to the United States primarily as an ornamental in 1908. This cultivar, because of its orange or mandarin parentage has been classiÞed as a fruit ßy host, but Meyer lemons, having poor shipping qualities and shelf life (Hodgson 1967) , have not been investigated for quarantine problems related to fruit ßies. Meyer lemons were recognized as a signiÞcant threat as a host for citrus tristeza virus and extensive tree removal was carried out in the mid 1950s (Dowell and Krass 1992) .
Recent evaluations of host status of C. limon for Tephritidae particularly Ceratitis capitata (Wiedemann), the Mediterranean fruit ßy, including interceptions in shipped commercial lemons, recovery of larvae from fruit collected in the Þeld, and laboratory tests showing successful development, indicate that host status for lemons may vary among species of Tephritidae. Baker et al. (1944) reviewed host use by A. ludens (Loew) for commercial tropical fruits in Mexico. This study listed known Þeld infestation and laboratory infestations in cages and reviewed reports by various authors in the publications of the California Department of Agriculture Bulletins (Crawford 1927 , Mackie 1928 ) and the monthly reports by U.S. Department of Agriculture (USDA) scientists in the Mexico laboratory from 1930 to 1940 including extensive reports by W. E. Stone. Baker et al. (1944) summarized the status of lemons (C. limon) as nonhosts but clariÞed that the Mexican or Key limes C. aurantifolia Swingle were known from Þeld collections and laboratory tests to be hosts for A. ludens.
Reports from USDA-Agriculture Research Service (ARS) laboratories in 2000 evaluated laboratory oviposition and larval survival of two fruit ßy species in Eureka lemons (Jang 2000) . Experiments at the USDA-ARS PaciÞc Basin Agricultural Research Center in Hilo, HI, for C. capitata and the Kika de la Garza Subtropical Agricultural Research Center in Weslaco, TX, for A. ludens showed that both species infested Eureka lemons and produced adults. Numbers of survivors of both fruit ßy species increased when the fruit tested were more mature as evaluated by peel color.
The experiments reported here address regulatory concerns related to quarantine status of Eureka (smooth skinned) and Meyer lemons. Eureka and Meyer lemons are listed separately in the U.S. Federal Regulations (Federal Register 2007 . Quarantines for Mediterranean fruit ßy apply to all Meyer lemons and for Mediterranean and Mexican fruit ßies for late mature Eureka lemons in the Þnal ruling (Federal Register 2008) . The host status for Mexican fruit ßy in Meyer lemons is not addressed in these regulations. Here we examine several factors related to the biology of host resistance under laboratory conditions for both cultivars. As reviewed in Aluja and Mangan (2008) , environmental and behavioral factors may also determine host infestation, but these tests identify resistance factors in the host and developmental states of the fruit ßy that can clarify the resistance.
Materials and Methods
Eureka and Meyer lemons were harvested from the Kika de la Garza Subtropical Agricultural Research Center experimental orchard in Hidalgo County, TX, during two periods, the Þrst four tests were performed from October 2008 through March 2009 and the following fall, three tests were performed from September until December 2009. The same protocol was followed for each of the seven tests. Harvest of 30 fruit of each cultivar was done by visibly selecting for similar size and color. These samples were washed and external peel colorimeter readings made using the lightness-chroma-hue (LCH) scale with a Minolta Chroma Meter CR-400 (Konica Minolta Sensing, Inc., Japan). Care was taken to make color readings at the same relative position (lateral surface) of each fruit. Twenty fruit of each cultivar were covered with an aluminum foil wrapping with an open area of 4.52 cm 2 to allow for oviposition. Two aluminum screened cages (31 ϫ 31 ϫ 31 cm) were set up for each cultivar, 10 fruit were placed in each cage in two layers with fruit resting on wire racks with a minimum of 5 cm separating fruit. Each cage was supplied with 4% sugar water and adult diet of powdered torula yeast with sugar. Forty sexually mature A. ludens females (10 Ð12 d old) and Þve males were placed in each cage, the cages were placed in a quarantine secure greenhouse and the ßies allowed to oviposit for 48 h. The remaining 10 lemons of each cultivar were measured for peel thickness and brix readings which were recorded with an Abbe Mark II temperature-corrected digital refractometer (Reichert ScientiÞc Instruments, Buffalo, NY) or a hand held Atago N1t refractometer (Tokyo, Japan). After oviposition, foil was removed from the fruits and counts of visible eggs on fruit surface and those partially inserted into the peel were recorded for each fruit. Visible eggs were not removed. The 10 fruit from each of the two cages were then placed in plastic containers (40.6 ϫ 28.8 ϫ 13.5 cm) with screened tops and 4-cm Þne vermiculite on the bottom. Containers were held for development of the immature stages in a room at 18.3-25.8ЊC and 73% RH. After 3 or 4 d, two lemons were removed from each container of each cultivar and dissected to detect number, tissue (ßa-vedo, albedo, pulp) and status (alive or dead) of eggs and larvae. Two fruit from each container for each cultivar were then sampled at 7 d intervals for the next 3 wk providing samples of 10, 17, 24, and 31 d old (larval weeks 1, 2, 3, and 4, respectively). If fruit had decayed or dried to a stage judged unusable for development, they were discarded and data not recorded.
Statistical analyses, using SYSTAT 12 (Systat Software, Inc. 2007) were performed to determine the relationship between the color indices, which can be determined nondestructively, and brix measurements of pulp tissue that were expected to affect larval survival. Rates of infestation and numbers of individuals surviving in the two cultivars were compared using SYSTAT 12 as two sample t-tests and regression models relating survival and harvest dates to brix readings.
Results
Physical characteristics including color, peel thickness, and brix readings for the Eureka and Meyer lemons are given with summary infestation data in Table 1 . Both Eureka and Meyer lemons infested during the week of 14 March 2009, were judged too decayed for analysis for the weeks 3 and 4 samples. The L, C, H color values from the Chroma Meter readings, arranged from September to March samples showed that both cultivars became lighter (L ϭ 0 is black, 100 is white), chroma became less gray (C ϭ 0 is gray, 60 is purest color), and hue changed from slightly green to almost yellow (H ϭ 180 is green, 90 is yellow, 0 is red). The average brix values for 10 lemons of each sampling group are also arranged in monthly order from harvest dates in September until March. The brix readings for 2 September were not included in the 2009 data because we discovered that the refractometer had failed to record correct readings. These missing readings were estimated by recording brix readings from Meyer and Eureka lemons on 3 September 2010 that are included in Table 1 .
Multiple regression analysis was performed (Systat Software, Inc. 2007) to examine the relation of lemon peel color and brix (B) soluble solids in the pulp. A stepwise multiple regression analysis determined for both Eureka and Meyer lemons that lightness (L) and hue (H) were signiÞcantly related to brix but chroma (C) was not. The regression model for Eureka lemons, B ϭ 30.63 Ϫ 0.19L Ϫ 0.08H, F ϭ 35.21, df ϭ 2, 67; P Ͻ 0.001 had r 2 value 0.51 and the model for Meyer lemons B ϭ 36.08 Ϫ 0.17L Ϫ 0.15H, F ϭ 17.95, df ϭ 2, 67; P Ͻ 0.001 had r 2 value of 0.35. Average infestation (eggs and larvae recovered) from the lemons for each infestation date are given, along with the total male and female survivors at the right of Table 1 . There was no trend in total infestation associated with fruit maturity for either cultivar. Meyer lemons produced adults from the October lem-ons but failed to produce any adults from the September or November samples even though these were among the samples with the highest total infestation. Eureka lemons only produced adults from the three samples collected after the beginning of December. Paired t-tests comparing infestation of the two lemon varieties for the seven sample dates indicated that the Meyer lemon samples had signiÞcantly more infestation than the Eureka samples (t ϭ 2.90, df ϭ 6; P ϭ 0.027).
Numbers of live and dead eggs and larvae could be accurately counted for the 4 d egg maturation period and after the Þrst week of larval development. Counts for weeks 2, 3, and 4 were accurate for second and third instars but less so for the eggs and Þrst instars. We present the mortality and survival data for eggs and Þrst stage larvae in Tables 2 and 3 for Eureka and Meyer lemons and in Tables 4 and 5 for second and third instars counts for the two cultivars. Each cell in these tables represents the total of counts from four fruit. The fruit of both cultivars harvested in March had decayed after the second week and although some mature third instars could be recovered and reared to adult stages (Table 1) from the vermiculite in the tray, counts of stages in the fruit were not performed. In samples following the oviposition-egg maturation and the Þrst week, eggs were recovered from both albedo and pulp (Tables 2 and 3) . No eggs were recovered from the ßavedo tissues from either cultivar. For both lemon cultivars, eggs were the most frequent stage in fruit dissected after the oviposition week. In the albedo, eggs were the most frequent stage and most (average 98.34%, range 92Ð100% in Eureka, average 92.17%, range 85.55Ð100% in Meyer) were alive. Eggs were also recovered from the pulp but had lower survival (average 33.54, range 0 Ð75% alive for Eureka, average 40.83%, range 4.5Ð100% for Meyer).
Eggs and larvae dissected from fruit during the Þrst week of larval maturation (dissected 12 d after infestation began) are listed in the column "Larval week 1." For eggs recovered from the albedo of Eureka ( Table   Table 3 2) lemons 26.7% (77 of 288 eggs) were alive and for eggs recovered from the pulp 1.9% (8 of 411) were alive. In total, 1,391 Þrst stage larvae were recovered from the Eureka albedo, 25 of which were recorded as alive (survival 1.7%). From the Meyer lemons (Table  3) , we recovered 863 eggs from the albedo and 80 were alive (9.3% survival). Of 880 eggs recovered from the pulp, 165 were alive (survival 18.75%). In total, 1,237 Þrst stage larvae were recovered from the albedo; of these, 16 were alive (survival 1.3%). First stage larvae recovered from the pulp totaled 215 with 162 surviving (survival 75.3%). Survival and development of later (second and third) stage larvae for weeks 2 through 4 are summarized in Tables 4 for Eureka and Table 5 for Meyer lemons. During the fourth week of development, the lemons infested in March decayed and larvae were not recovered after the second week; however, some larvae had exited the decaying fruit and completed development to adults (Table 1) . Counts of live and dead second and third stage larvae, followed by counts of total eggs, and the three stages of larvae are listed as total reproduction in Tables 4 and 5. In total, 63 second stage and 41 third stage larvae were recovered from Eureka lemons. Meyer lemons had 153 second stage and 53 third stage larvae recovered.
The trends in survival to second and third stage larvae over the fruit maturation period are shown in Fig. 1 . The numbers of larvae surviving to second or third stage in Eureka lemons increased as fruit were infested at more mature stages, but there was no relationship between fruit maturity and larval survival in Meyer lemons. Very few larvae had matured to second or third stage before weeks 3 and 4 , but as shown in Table 1 , some mature larvae did produce adults from fruit infested in March.
Multiple regression analysis (SYSTAT Software 2007) of the relation of peel color the lightness (L), chroma (C), and hue (H) to numbers of larvae surviving to second and third stage "mature larvae" (ML) in the pulp relate numbers of these larvae recovered to the color indices. For Eureka lemons the stepwise regression found only lightness to be related to numbers of larvae recovered. The model was ML ϭ Ϫ6.53 ϩ 0.117L, with analysis of variance (ANOVA) values F ϭ 15.72; df ϭ 1, 102; P Ͻ 0.001 with r 2 ϭ 0.13. The analysis for Meyer lemons did not Þnd any signiÞcant regressions for any of the color components. The complete model (the three color indices and a constant) had ANOVA values F ϭ 0.52; df ϭ 3, 99; P ϭ 0.67 with r 2 ϭ 0.01.
Discussion
These experiments provide tissue speciÞc survival data of A. ludens comparing Eureka and Meyer lemons. Previous, similar, experiments comparing survival of two other species, A. obliqua (Mangan et al. 2011b) and A. serpentina (Mangan et al. 2011a ) survival with A. ludens in grapefruit and oranges had shown that fruit maturity was a signiÞcant determinant of A. ludens survival in these fruits, especially in Valencia oranges. Similar to the results here for Meyer lemons, A. serpentina infested oranges and grapefruit, but the levels of infestation were not related to fruit maturity (Mangan et al. 2011a) . Host collection studies reported by Baker et al. (1944) described infestation in several species related to limes and lemons but speciÞcally mentioned that fruit known as "lemons in the United States" were not found to be infested. That work did not mention fruit maturity as a factor in host status.
Both lemon cultivars had similar patterns of mortality in the peel tissues and pulp. The percentage of live eggs and Þrst instars (Tables 2 and 3) in comparison with second and third instars (Tables 4 and 5) show that most mortality occurred in the albedo in the egg or Þrst instar stages. Survival for these stages was Laboratory experiments and regulatory experiences with host status of smooth skinned lemons with Mediterranean fruit ßy are reviewed in early publications such as Quayle (1914) and following studies with a variety of Anastrepha species (Baker et al. 1944) . Sproul (1976) also indicated that fruit maturity is related to survival rates of eggs and Þrst stage larvae in the albedo. These studies are the basis for current U.S. quarantine regulations for Eureka and other smooth skinned lemons. A report by Jang (2000) showed that maturation of Eureka lemons, as reßected by color classiÞcation and as well as peel penetrance were related to infestation and development of both A. ludens and C. capitata in caged fruit tests. A report addressing host status for C. capitata and A. fraterculus (the South American fruit ßy) that infest several species of citrus in South America, indicated that, for fruit tested during commercial harvest periods, Eureka lemons were not infested by A. fraterculus but under some conditions there was survival to pupal and adults for C. capitata (Gastaminza et al. 2007 ).
The brix values in both cultivars of lemons did not increase from the premature (September) to postmature (March) samples (Table 1 ), but we noted that the acid ßavor of both Meyer and Eureka declined with maturity and senescence from samples harvested after December. The conjecture that lemon pulp chemistry is a resistance factor was disputed by Bodenheimer (1951) who claimed that rind toughness, gums, oils, and other peel factors were more important. Most of the mortality in both cultivars was egg and Þrst instar larvae. Mortality was higher for those stages recovered from the pulp than from the albedo. This suggests that a thick albedo that prevents Mexican fruit ßies from ovipositing in the pulp does not provide higher resistance to eggs and Þrst instars. The later stage larvae recorded in the pulp, however, indicates that the factors killing eggs and Þrst instars did not affect the second and third instars. Possibly the toxic factors were released from glands and tissues in the ßavedo and albedo during oviposition. We found signiÞcant effects of peel color on numbers of larvae surviving to second and third stage in Eureka but not in Meyer lemons. The Eureka lemon data agree with tests reported in Jang (2000) . Eureka lemons were assigned to color classes and survival to third instar or adult stage was related to the color stages, with bronze (mature) fruit having the greatest survival. Our method was to determine whether the color index could provide fruit packers with guidelines to identify higher risk, more mature fruit of either cultivar. A signiÞcant relationship was found for Eureka lemons with increasing numbers of larvae surviving as the hue (H) matured to less green and more yellow, lighter (L) overall color, and the chroma (C) became less gray. The trend in survival related to color indices was not detected in Meyer lemons. Reports of host status of Verna lemons in southeast Spain related infestation to Þeld maturity (Quinto et al. 2010a ) based on harvest dates, but (Quinto et al. 2010b) found that there was no index that could be used to determine maturity.
Examination of host status by the method proposed here contrasts with the methods proposed by Cowley et al. (1992) . A. ludens is closely associated with the plant family Rutaceae (Baker et al. 1944 ) and we have found that successful infestation of commercial varieties such as oranges (Mangan et al. 2011a ), survival of A. obliqua infesting grapefruit (Mangan et al. 2011b) and Eureka lemons is associated with fruit maturity. Cowley et al. (1992) suggest that a standard "threefourths ripeness" be the criteria for testing. This may be a usable standard for the fruit they discuss including melon cultivars that are harvested at varying degrees of slip stage (Pentzer et al. 1940) , eggplant, which is harvested based on peel glossiness and color (Kader 1996) and avocados that are resistant when attached to the tree (Aluja et al. 2004 ). The results here do not indicate that fruit maturity, other than harvest date, can be easily interpreted, especially at a port of entry.
With conclusions for regulatory consideration, the experimental approach in these experiments addressed maturity as a key component of host status. RSPM 30 (Regional Standards for Phytosanitary Measures: Guidelines for the Determination and Designation of Host Status of a Fruit or Vegetable for Fruit Flies; North American Plant Protection Organization 2008) does not discuss fruit maturity, other discussions of this document relative to research related to host status can be found in Aluja and Mangan (2008) . In these tests we assumed that fruit resistance to infestation could be evaluated by tissue and maturity speciÞc observation of survival of the immature stages. Mature larvae, pupae, and adults developed in Eureka and Meyer lemons. No adults survived in Eureka lemons before December samples but survival to adult stage occurred in Meyer lemons in the two tests of lemons October (2008 October ( , 2009 as well as more mature samples. The color indices, L, H, and C (Konica Minolta Sensing Inc. 2007) of both Meyer and Eureka lemons were signiÞcantly correlated with the brix values of the pulp tissue. However, the multiple linear regression of color indices to numbers of second and third instars was not signiÞcant for Meyer lemons suggesting that peel color is not a good factor for risk analysis of Meyer lemons. Additionally, determination of ripeness for citrus and applying color at ports of entry as a quarantine measure would be difÞcult, as color is often altered by degreening treatments at packing houses. If port of entry inspection includes fruit cutting for detection of infestation, we noted that eggs and Þrst instars detected in the albedo had very high (usually Ͼ90%) mortality after the Þrst week, larvae in the pulp had Ͼ60% survival and represent a much greater threat. Overall, in comparison with Eureka lemons, Meyer lemons produced more second and third stage larvae (Table 4 and 5), produced more total adults (Table 1) , and produced these larvae and adults from early season to late maturity while Eureka lemons only had high rates of survival in late harvested fruit (Fig. 1) .
